I
t is widely believed that heart muscle contraction is triggered by membrane depolarization via the process of Ca-induced Ca release (CICR 1,2 ): Ca entry through the Ca channels during the action potential triggers a large release of Ca from the sarcoplasmic reticulum (SR). The intracellular Ca (Ca i ) transient is thought to be the summation of local Ca release events occurring at junctions between the transversetubule sarcolemmal membrane and the SR ("diads"), where L-type Ca channels and SR Ca release channels are closely apposed. Such local control can explain the main features of CICR, including (1) a high gain (a large Ca release for a small Ca trigger), (2) a graded response (corresponding to the size of Ca current, I Ca,L ), and (3) the absence of uncontrolled regenerative Ca release (under normal conditions). 2, 3 Local control is epitomized by the observation of Ca sparks in cardiomyocytes, 4, 5 and the relationship between I Ca,L and spark frequency has been used as a measure of the intrinsic E-C coupling efficiency, or local gain. 6, 7 In a larger sense, however, the total gain of CICR will depend on both the local effectiveness of coupling between I Ca,L and SR release (⑀) and on the SR Ca load (Ca SR ).
Limited information is available about which of these factors may change in human heart failure. Beuckelmann et al 8 showed that Ca i transients of ventricular myocytes isolated from failing human hearts have a reduced amplitude without a change in I Ca,L and also suggested a decrease in Ca SR (ryanodine had a small effect on the Ca i transient in failing cells). A decreased Ca SR has also been reported by Lindner et al 9 and Pieske et al, 10 but no information is available about whether ⑀ is changed in the failing human heart, as reported in some rat models of heart disease. 6, 7 The canine pacing-induced heart failure model shows a pattern of E-C coupling changes similar to that of humans: I Ca,L of normal amplitude triggers Ca i transients and contractions much smaller than normal, whereas SR Ca uptake is markedly impaired. 11 The present study investigates whether the defect in E-C coupling is due to a decrease in Ca SR , in ⑀, or in both.
Methods
Induction of heart failure, 12 isolation of midmyocardial cardiomyocytes, 11, 13 single-cell electrophysiology studies, 11 and Ca measure-ments 11 were carried out as previously described. After 3 to 4 weeks of tachycardic pacing (240 bpm), mongrel dogs showed clinical signs and hemodynamic manifestations of heart failure, including elevated end-diastolic pressures and decreased contractility. 12 Isolated myocytes were whole-cell patch-clamped at 37°C. The external solution was K-free (to eliminate inward K currents) and contained (in mmol/L) NaCl 140, CaCl 2 2, MgCl 2 1, HEPES 5, glucose 10, and niflumic acid 0.1 (Sigma, Cl current blocker), pH adjusted to 7.4 with NaOH. Superfusing solutions were rapidly changed by use of a solenoid-controlled heated switching device.
For selective measurement of I Ca,L , the pipette solution contained (in mmol/L) CsCl 110, MgATP 5, HEPES 10, MgCl 2 0.4, glucose 5, tetraethylammonium (TEA) 20, and BAPTA 5, pH 7.2. Cs and TEA inhibited outward K currents, and BAPTA was used to buffer Ca i . The "pipette-to-bath" liquid junction potential was minimal (Ϫ2.7 mV) and was not corrected.
For E-C coupling experiments, the external solution also contained 30 mol/L tetrodotoxin (TTX, Sigma; to block sodium current, I Na ). The pipette solution contained (in mmol/L) potassium glutamate 125, KCl 19, MgCl 2 0.5, MgATP 5, NaCl 10, and HEPES 10, pH 7.25, and 50 mol/L indo-1 (pentasodium salt, Calbiochem). The pipette-to-bath liquid junction potential was ϷϪ20 mV and was corrected. Indo-1 fluorescence was excited at 365 nm and recorded at wavelengths of 405 and 495 nm. 11 Cellular autofluorescence was recorded before rupturing of the cell-attached patch and was subsequently subtracted. Ca i was calculated according to the equation 14 with a K d of 844 nmol/L, 15 R min ϭ1, R max ϭ4, ␤ϭ2, and Rϭ405/495 fluorescence ratio.
Results
We previously showed that basal I Ca,L density is unaltered in canine tachypacing-induced heart failure at room temperature 12 and with minimal Ca i buffering. 11 In the latter study, however, no provision was made to block potential contaminating currents (eg, background K currents, Ca-activated Cl current, and Na/Ca exchange [NCX] currents), and the kinetics of I Ca,L were not examined. Therefore, we first examined in detail the time course of I Ca,L inactivation and Ca influx via I Ca,L under controlled conditions in the presence of the fast Ca buffer BAPTA.
Analysis of I Ca,L
Depolarizations of 500 ms from Ϫ80 mV to various membrane potentials (V M ) were applied every 4 seconds and were preceded by a 100-ms prepulse to Ϫ40 mV to inactivate I Na . I Ca,L amplitude (measured as the peak inward minus end of pulse current) was similar in normal myocytes (N) and myocytes from failing canine hearts (F) over the potential range from Ϫ30 to 40 mV ( Figure 1A through 1E) . The voltage dependence of whole-cell Ca conductance [GϭI Ca,L /(V M ϪE rev ), where E rev is the apparent reversal potential for I Ca,L ] normalized to maximum conductance (G max ) is shown in Figure 1F . Data were fitted with a Boltzmann equation 16 
, and the activation parameters were unchanged in F (Table 1) .
From I Ca,L recordings obtained at 10 mV, Ca entry via L-type Ca channels was measured as the integral of I Ca,L for either the first 50 ms after depolarization (͐I Ca,L ; the period most relevant to triggering CICR) or for the whole pulse. No statistically significant differences were found between N and F ( Figure 1G and Table 1 ).
To investigate whether the kinetics of I Ca,L inactivation are changed in F, the time course of inactivation of I Ca,L (at 10 mV) was fitted with a double exponential 16 : I Ca,L (t)ϭA 1 exp(Ϫt/ 1 )ϩA 2 exp(Ϫt/ 2 )ϩC, where 1 and 2 are the fast and slow time constants, respectively, and A 1 and A 2 are the corresponding amplitudes of the exponential function. The 2 time constants, as well as the proportion of total I Ca,L inactivated with each of them, were also unchanged in F (Table 1) . izations at different stimulation frequencies. Figure 2A illustrates typical membrane currents and Ca i transients elicited with depolarizations from Ϫ80 to 10 mV at 1-Hz stimulation (pulse duration 0.3 seconds). After steady state was attained, the train was interrupted and 10 mmol/L caffeine was applied rapidly, inducing Ca release from the SR. During caffeine application, Ca i rose rapidly and then decayed exponentially, extruded (mainly) by NCX, which generated an inward current. Ten seconds after caffeine was washed off, it was reapplied to ensure that all SR Ca was released with the first application. The second caffeine application produced no change in Ca i but induced a small (Ϸ100-pA), slowly activating inward current (traces marked with asterisk in Figure 2B ). NCX current. Just as in N, a second caffeine application induced no Ca i rise and a slowly activating inward current.
E-C Coupling Experiments
Similar results were obtained at frequencies of 0.5 and 0.25 Hz (pulse duration 0.5 seconds; not shown). I Ca,L amplitude and ͐I Ca,L showed a trend toward lower values in F, but this difference was not statistically significant (Table 2 ; see Discussion). Compared with I Ca,L , a disproportionately large and unequivocal decrease was observed in the Ca i transients recorded in F. Both the rate of rise of Ca i (⌬Ca i /⌬t; Figure 2E ) and the amplitude of the early rapidly rising phase of the Ca i transient (⌬Ca i ; Figure 2F) were markedly reduced at all stimulation frequencies, the former being only 6% to 16% of N ( Table 2) .
NCX current generated by caffeine Ca release was measured as the difference between currents recorded during the first and second caffeine applications. Ca SR (as total [Ca], Ca T ) was determined by integrating NCX current by use of the equation Ca T (mol/L)ϭ76ϫNCX current integral (pC)/ cell capacitance (pF), as previously described 17 (see also Negretti et al 18 ). Ca SR in N was between 80 and 120 mol/L, values comparable to reports in rat cells. 18 In contrast, F had markedly reduced Ca SR at all the stimulation frequencies used (14% to 25% of N, Figure 2G and Table 2 ). The amplitude of the caffeine-induced Ca i transients (another indication of Ca SR ) was similarly reduced in F (Table 2) .
A more exact Ca SR estimation should take into account the components of cytosolic Ca removal via non-NCX mechanisms (sarcolemmal Ca pump and mitochondrial Ca buffering), representing 28% and 12% of total non-SR-mediated Ca transport in N and F, respectively. 17 Therefore, all Ca SR values reported here underestimate the difference between groups and could be corrected by multiplying by 1.28 and 1.12 for N and F, respectively.
How Much of the Ca i Transient in N Is Due to Ca Entry?
Depolarization-evoked Ca i transients were recorded in N immediately after a caffeine release, and thus with SR Ca load depleted ( Figure 3A) . ⌬Ca i /⌬t in the first Ca i transient after caffeine was greatly reduced, to 17% of the precaffeine steady-state value ( Figure 4B ). I Ca,L was also slightly increased, indicating a partial relief from Ca-dependent inactivation ( Figure 4A ). ⌬Ca i /⌬t in N cells with SR depleted was close to the steady-state ⌬Ca i /⌬t in F, as discussed above. This result suggested that most of the ⌬Ca i /⌬t in F was likely to be due to transsarcolemmal Ca entry via I Ca,L and reverse NCX, with little contribution from SR release. Although the caffeine release experiments indicated that there was still a residual Ca SR in F at steady state (14% to 25% of N), it appears that this pool is not readily releasable, perhaps because of a low ⑀ at low Ca SR . 19 
Increasing SR Load in F
Because these experiments suggested that the marked decrease in Ca i transient amplitude in failing cells could be explained by the decrease in SR Ca load and did not necessitate the postulation of a decrease in ⑀, we tested whether adjustment of Ca SR to similar levels in N and F resulted in Ca i transients with similar characteristics.
Myocytes from failing hearts were superfused with an external solution containing 5 mmol/L Ca while a train of depolarizations was applied at 0.5 Hz (see Figure 3B for the voltage protocol). After reaching a steady state in 5 mmol/L Ca ( Figure 3C ), the solution was rapidly changed (for 1 pulse) to 2 mmol/L Ca. In this way, Ca SR could be maintained at a higher level while I Ca,L was instantaneously restored to that When all cells were plotted together, more scatter in the data was evident, but it was evident that N and F data were interspersed. In each cell, we calculated ⑀ as (⌬Ca i /⌬t)/(͐I Ca,Lϫ Ca SR ) and found no difference between N and F ( Figure 4E ).
Discussion
Consistent with a previous study from this laboratory, 11 we report here that CICR gain (as defined to include both ⑀ and Ca SR ) is decreased in heart failure: membrane depolarization triggered markedly reduced Ca i transients, although no significant difference could be seen in I Ca,L . The decrease in CICR gain could be explained by a similarly marked reduction in Ca SR , whereas no change in ⑀ was observed.
I Ca,L Measurements
We measured I Ca,L both with Ca i buffered and in the presence of physiological Ca i transients. Both measurements showed a tendency toward a decreased I Ca,L density in F, but the difference was not statistically significant. This trend suggests that a decrease in I Ca,L could potentially contribute to the defective E-C coupling in this model but does not account for the majority of the difference between groups.
CICR Gain Versus the Effectiveness of Coupling
The concept of CICR gain usually means the magnitude of SR Ca release triggered by a given I Ca,L . 2, 21 Because in these previous studies 2, 21 Ca SR was kept constant, any variations in CICR gain were equivalent to variations in ⑀. In the present study, we needed to differentiate between Ca SR and ⑀, because a decrease in either could induce the decrease in CICR gain in heart failure. We measured SR release flux as ⌬Ca i /⌬t, and we measured both Ca entry and Ca SR as integrals of I Ca,L and NCX current, respectively. CICR gain was dramatically reduced in F because of the decreased Ca SR . This deficit in F could be reversed when Ca SR was increased to normal levels, indicating that there is no decrease in ⑀.
Pacing-Induced Canine Heart Failure Model
After 3 to 4 weeks of tachycardic pacing, canine hearts exhibit a markedly decreased contractility in vivo (with increased end-diastolic pressure and decreased systolic rate of rise of left ventricular pressure 12 ). Consistent with that, isolated cells show Ca i transients that are slowed and of decreased amplitude. 11 Previous studies from this laboratory indicated a main defect in Ca i removal mechanisms, 11 with both a decrease in SR Ca uptake and an increase in NCX Ca extrusion, which, in itself, might be expected to decrease Ca SR . This is also the prediction of a refined computer model of the failing heart cell. 22 The experiments reported here confirm the marked decrease in Ca SR in this model, which is largely responsible for the decreased Ca i transients. Although we purposely controlled the experimental conditions for this study, extrapolation of this conclusion to action potentialevoked Ca transients in vivo requires consideration of the changes in action potential evident in heart failure, as well as differences in modulatory factors (external and internal), which may be altered by the disease.
The present findings are inconsistent with the hypothesis that the E-C coupling abnormalities in heart failure are the result of defects at the level of the SR release channel, such as decreases in either the number of channels 23, 24 or rate of release, 23 or the effectiveness of coupling (⑀). Further investigation will be necessary to determine whether our conclusions are model-specific or can be generalized to humans. 
Comparison With Other Heart Failure Models
Although a decreased Ca SR is thought to be a major part of the defective E-C coupling in human heart failure, 9 there have been few estimates of Ca SR in animal models of heart failure and even fewer quantitative measurements. In a rat hypertrophy model without overt heart failure, cell contractility has been shown to be increased in parallel with an increase in Ca SR . 25 In a model of overt heart failure induced by combined aortic insufficiency and stenosis in rabbits, 26 a 26% decrease in (externally stimulated) myocyte twitches was reported, with a trend toward a decrease in both the Ca i transient and Ca SR (estimated as the amplitude of caffeine-induced Ca i transients; see note on method below).
To the best of our knowledge, only 1 other animal model of heart failure, a postinfarction rat model, has shown a significant decrease in the Ca i transient associated with a reduction in Ca SR . 27 In contrast, changes in ⑀, with unchanged Ca SR , have been reported in 2 rat models, in 1 of which diminished Ca i transients were explained by a decrease in ⑀. 6 In another study, increases in Ca i transients in cells from spontaneously hypertensive rats could be accounted for by an increase in ⑀ (again, with no change in Ca SR 7 ). The change in ⑀ could be due a change in the number of Ca sparks (of otherwise normal kinetics and amplitude) triggered by a given I Ca,L 6 or to changes in the Ca spark amplitude ("big sparks" 7 ). Whether a changed ⑀ will induce a change in the steady-state Ca i transients in these (rat) models is controversial (because of compensatory changes in Ca SR 28 ), but the present experiments demonstrate that this is not the case in the canine pacinginduced model.
Relevance to Human Disease
Midmyocardial cells isolated from failing human hearts showed unchanged I Ca,L and decreased Ca i transients. 8 The latter could be due to a decrease in SR Ca content, which has been qualitatively estimated from the amplitude of caffeineinduced Ca i transients by Lindner et al. 9 It is worthwhile to note that interpretation of the results of such experiments is not straightforward. For example, it is known that the peak of the Ca i rise can be blunted by Ca extrusion through NCX, because significant inward current can be recorded by the time Ca i reaches its peak. 29 Because NCX may be increased in F, it may blunt the peak of the caffeine transient more in F than in N, biasing the results. In the present study, we looked at both the caffeine-evoked Ca i transient and the NCX current integral under voltage-clamp conditions, and reassuringly, both parameters led to the same conclusion.
A defective SR loading in heart failure was also indicated by Pieske et al. 10 Using rapid cooling contractures in intact cardiac muscle strips, they showed that in failing muscles, Ca SR decreased both during rest and with increasing frequency of stimulations, unlike the response of nonfailing muscle. 10 It is important to note that the E-C coupling changes reported here and previously 11 in the pacing canine model are remarkably similar to human disease. Just as in human disease, F cells showed decreased Ca i transients and a decreased Ca SR , with little change in I Ca,L . In the present study, we could also show that ⑀ is not changed, because F cells with a normalized Ca SR showed normal Ca i transients. No information is yet available on whether the coupling effectiveness is changed in human heart failure. If this conclusion can be extrapolated to the human disease, it could have an important clinical significance, indicating that therapeutic strategies that could restore Ca SR (by stimulation or overexpression of sarcoplasmic/endoplasmic reticulum Ca2ϩ-ATPase [SERCA], for example 30 ) could be expected to fully restore E-C coupling and cell contractility. If a decrease in ⑀ were involved as well, this would not necessarily be the case.
